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Abstract
The first part of this seies ol papen (see I I I ) Prcsented a
methodolo|t.for identifJing the nininun utilitJ taryets for
a nass exchange netuo* (MEN)for a batch prccess This
paper descibes a prccedurc for desiSning a minimun
utilitr netulork. The time'gtid diastun (TCD) and the
owrall tine-grid diaerum (OTGD) that include the tine
dinension in network desiSn have been introduced to
provide a better representation of the mass etchange
network for a batch prccess. h k desired to design a
n$imum nass rccovery (MMR) aer,rork that will achieve
the minimum utilitr taryets set during the taryeting staqe oJ
the s'xnthesis problen | 11.
Keywords:
Mass exchange networks design, pin€h analysis, batch
process systems, time-grid diagrarn, overall time_grid
diagam.
' Introduction
- 
The majority of research on mass exchange network
' synthesis (MENS) have focused on continuous processes
' [2, 3,4 and 5]. The on,y work on mass exchange network(MEN) design fo. batch process that was based on Pinch
Analysis was reported by wang and Smith [6] for the
. 
specjal case of water minimisation. Clearly, more work
needed to be done in this arca, and, in particular, for the
general case of MENS for batch process systems involving
mass sepamting agent (MSA) other than water.
The batch MEN research described in this paper is based
_ 
on the same fmmework that was developed fbr heat
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exchange network synthesis (HENS) for batch processes
developed by Kemp and Macdonald [7]. They tus!
represented the batch heat exchange network (HEN) using
the conventional grid diagram that was developed for
continuous processes. To achieve maximum energy
recovery (MER), they carried out the HEN design
separarely for each time interval. Established pinch design
rules for HEN design were used lo obtain a completed
network [7j.
Kemp and Deakin [8] later formulated a procedure for the
network design with heaa storage. The heal storage system
may funcaion either as a hot stream (heat source) or a cold
steam'(heat sink), depeding on which stream that lhe
storage system is finaly integrated with. The storage
system Inay act as a hot source if it is io be matched with a
colder sream. Similarly, th€ storage system may act as a
hot sint if it is to be malched wirh a hotter stream.
Kemp and Macdonald [7] also poinied out that network
desigr using the conventional grid diagrarn [9] could not
completely represent he heat recovery network for a batcb
process. The main drawback of this represertation is the
absence of the tirne variable to indicate how the various
pro€esses are interlinked. Hence, a better reptesentation is
needed.
In this paper. we will first a detailed procedure for
designing a minimum u.ility batch MEN by introducing
two new graphical lools, i.e, the time-grid diagam (TGD)
and ovarall time-grid diagram (OTGD). These grid
diagmms include time as another dimension in network
design to enable designers to have a betler understanding
of the barch system during the design stage. The above
melhodologies are illostmted using the case study of coke
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oven gas (COG) sweetening process presented in the first
pafi ofthis series ofPapers [l]
Case study 
- 
the COG sweetening process
A batch COG sweetening process [10] has two process rich
sircams, i.e. coc stream (denoled by RL) and claus tail
qa\ (denoLed by R/) as we'l as one process lean stream.
-qhrch is a process lvisA (aqueous ammonia. denoLed b)
Sr). The transfer of only one component - hydrogen
sulphide (HrS) is considered. The synihesis task is to
maximise the mass exchange between the process rich and
lean streams. Leaving the excess mass load for extemal
MSA (in this case, a chilied meihanol stream, denoted by
St. The minimum concentration difference. a is fixed at
0.0001.
Data for $e case study in the batch mode is shown in Table
I t l l .  The equi l ibdum solub; l i r )  dala lor H.S in aqueous
ammodia nd m€thanol respectively is given by,
(1)
y =0.26 t  (2)
Table I 
- 
Strcan Data For COG Batch Pncess
Rich l, r 
Start time, Finish tirne, G'
tt /,t,r) l(hr) (kc/h)
R, 0.0700 0.0003
R" 0.0510 0.0001
stream }i '/ I\ / ' \u/ Gehr)
Prure.dr Er oI InFmotirndt .anleEn.? ar atc" i.al d B'at"-' "\t Fryiaea ttg
' r '  2d'Aupu!20nt u" i , , -  Mt l . ,  
"  
s Lt l  K.  Kt  l  l
visualise the actual existence of the heat exchanger in each
time interval. Examples of batch network representation on
conventional grid diagram are shown in Figure l. This
convenlioflal gdd diagrams do not replesent heat rccovery
network in batch processes salisfactory. No time
indications were found where designer cosld visualise the
allocation of heat exchangers in each time interval. This
drawback will be resolv€d with the graphical tools
presented in this paPer.
Fieure I - Batch nervorks shown on the
con| entinnaL grid diag nm
The approach developed for the design of batch MEN in
this work is based on the work of Kemp and Macdonald Fl
as well as that of El-Halwagi and Manousiouthalds [10]
As in the case of batch HEN, the desired mass transfer in
MEN cannot be achieved by mass exchange alone. They
are limited by the instantaneous mass flowrate of each
steam and by the periods when boih steams actually exist.
In designing a MEN for a batch system, it would be
advartageous to represent the composition charye jn the
grid diagam during the time interval of intercst. In order to
achieve this, we have inrcduced rhe time-8rd diagran
(TGD). The TGD is a modification of the conventional grid
diasram for HENS [9] as well as for MENS t101.
Consideration of the composition and time interval will
allpw us to clearly reFesent the network in terms of the
streams drivinti force and the duradon in which they exist.
FE rc 2 shows that the TGD compnses of two axes. The
vertical axis represents the composition driving force for
the rich and lean streams. The horizontal axis rePresents
the period when the streams €xist in the process. A rich
steam is drawn from the top to the bottom of the
composition int€rval while a lean stream is drawn in ttle
opposite direction. The streams are shown in the time slice
in which they exist. A nass exchanger is repr€sented by a
pair of link€d circles. The amount of mass being
tmnsfened is shown in a box. The pinch compositions are
indicated by the dashed line which divides ihe netwo* into
the regions above and below the pinch.
6480
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Minimum flowrate fof process MSA and externalMsA are
respeclively given by:
(4)!1 = t- ;  i I
\xr  - r '? l
Utility targets for this problem is reported as 323?.6316 kg
mass for aqueous ammonia (process MSA, Sr) and
44160.0000 kg for chilied methanol (external MSA, St
[1]. The synthesis t4sk now is to design a batch MEN to
achieve the minimum utilily targets for the problem. This
bchnique will be demonstrated in the coming sections of
ihis paper.
Grid diagram for batch MEN design
Generally, the overall development of IIEN design for heat
integation of batch processes has received far less
attention as compared to the utility targeting The
conventional grid diagram [9] is used in most of the works
related to batch heat integration [7, 8, 1l]. The greatest
drawback of tiis approach is ftat the desi$er hardly
810 ISBN:983-2643-15-5
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FiBurc 2 - The nei) TCD shot's the drivin9 force of the
sysrcn and the actual period afti e when the stPamt exisl
m the sysrem
In order to achieve the dninum utility targets established,
batch network design are conduct€d independently for each
rime inlerval I7l. Besides, two feasibility criteria for
steam matching at the pinch, similar to the ones used for
the HENS p.oblem are to be lollowed [10]. These are:
1. Stream population
Immediately above the pinch, all rich streams are lo be
matched with the iean streams in order to bnng down the
rich streanr to the pinch composition. Therefore, the
number ofrich streams (NR) should be less than the number
of lean sreams (Ns) above the pinch, i.e.:
Pro@dittls oJ httentarioral Carltr.r& A, Ch.rlittl artl Bbpncesr E\ir?(tins
27' 29'' .rtNr\ 2u)J Ut^('siri [ht].r:id Stb.h, K.tl Kirtl\ilr
Immedialely below rhe pinch, the opposite musr be !rue:
In order for these criteria to be met, stream splitting may be
Even though the TGD in
Figure 2 is essential in indicating the streams' liming and
composition levels, it may not provide a clear pi€ture of the
entire MEN for the batch system. A non-expert user might
have difficulties in linldng the network design in one time
inle al to another. There may be tendencies to regard the
strearns which exist in one dme interval as an independent
from rhe strearns in ano$er lime inerval. A\ shown in
Figure 2. streams with the same name (for example stream
Sr) are in fact the same steam. Streams are seemed to be
disconnected ue !o the existence of lhe different time
inlervals.
In order to overcome this potential confusior, we introduce
another grid diagram, called the orerull tine-grid diagtum
(OTCD). The OTGD is a cumulative representation f the
MEN du.ing the eniire process duration. Each stream is
represented in thei. respective time intervals. Here, the
composition is not considered.
Figure 3 shows the OTGD. The rich streams are drawn
from right to the left, while lean streams in the opposite
direction. Both streams exist in their respective time
irtervals. A mass exchanger is reFesented by a pair of
linked circles wi.h the amount of mass being transfered
shown in abox. Composition is not shown in this diagram,
but could be easily calculated based on the mass balance in
each time inter.val Both the TGD and OTGD will be used
to design the batch MEN system for the COG example iD
the previous section.
( r , )
t ; t
(8)
Below the pinch, lean streams are to be brought to the
pinch composition through mass exchange with the rich
streams. Thus. below the pinch. the number of lean streams
should be less than the number ofnch streams. i e.:
(6)
In order for this prjnciple to be observed, stream splitting
may be required at the pinch.
2. Operaling versus equilibrium line
This crit€ria is analogous to lhat of the FCP (heat caPacity
flow:ate) inequaljty in mNS problem. However, it does
incorpomte the mass transfer equilibrium.
A feasible march above Lhe pinch shal l  hdve a minimum
driving force of s at the pinch side. Thus the slope of the
operating line should be greater than thatofthe equilibrium
line. i .e.
{Lt \t ; )
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Figure 3 - The OTGD shows the cumulative representation
of ihe entire network throughout the process duration
Batch MEN design for COG case study
In order to design a maxirnum mass recovery (MMR)
network that achieve the utiiity target set in the first pan of
this series of paper. the previous mentioned two feasibility
criteria for stream matching, i.e. the stream popularion and
operating line ve6us equilibrium line are followed. These
criteria are applicable to the individual time interval of the
TGD whicb have different pinch compositions.
Figure 4 shows the process treams of a single batch COG
operation in the TCD, with a one-houf cycle time. Rr is a
process rich stfeam which exists during the first three time
intervals (between 0 - 0.4 hr), while R, is another Focess
rich sneam which exists in the last t})Iee time intervals
(between 0.4 
- 
1.0 hr). The only process lean stream, Sr
exist during the second to fourth time interval between (0.3
ro 0.7 hr).
0.3 0.4 0,5 0.7 1.0
Time (hr)
Figwe 4 
- 
ATGD showing the process trcans ofa sinele
batch COG operation
Figu.e 5 shows the MEN design for the first qnd final time
intervals of ihe system. Both process rich streams Rr and
R, exist below the pinch region in thei. respective nme
intervals. Since process MSA is not available in these time
intervals, and mass stomge system is not employed in this
case, extemal MSA is used to absorb the mass load from
the rich sireams,
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Figure 5 . MEN desisnfor (a)thefixt and(b) theJinal
During the second and the fourth time interval, process
MSA Sr is presents in the pmcess in ihe region above the
pinch. Heoce, fie MEN in rhis region is designed ro rnarch
the rich process tream with the process MSA. The exremal
MSA is used in lhe region belos the pinch., ince no
process MSA is available there (Figure 6).
ta l  n1 n!  O)nr
FiSure 6 
- 
MEN desisnfor the (a) second and (b) fourlh
time intenal
In the third time interval, rwo rich process streams exist in
the region above the pinch while onty on€ process MSA is
found. Thus, in order to have a feasible srream marching
criteria, sream splitting is done for rhe process MSA.
Below the pinch, no process MSA is found. Thus, the rich
process streans are again matched to the extemal MSA Sr.
There are two feasible matches as shown in Figurc 7. In
Figure 7 (a), rich streans exchange mass load with the
extemal MSA in a series confieuration. In Figure 7 (b), the
extemal MSA is split to match with rhs dch streans in a
parallel configuration. Note thar the minimum composition
difference is satisfied in both d€signs.
Tlme Or)(b)
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Ft",p 7 Two MEN d?siSnJor lhe third tin? inte^al: h)
""',ern, co,frs"'ario" : tU paralt"t confswation
ih"-no*o.L design for the entire process cycle 
is
Figure 8, raking the series configuration at the lean end of
. the neNork in the third interval (Figure 7a) Note that the
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mass exchange$ are numbered after the network desig:ns of
individual time interval are combined into a complete
network representalion (
Figure 8). Four nass exchangers are ne€ded here' as in the
case of continuous process (10). An overall rcpresentaiton
of the MMR network in the OTGD is shown in Figure 9.
02n91
0_1961
0,1134
0.003?
0.0012
0.0003
0.0482
0.015 |
0,0310
0.0006
0.0001
0.0000
0,0700
0.05r0
0,0451
0.0010
0.0003
0,0001
0 0.50.40.3
Time (hr)
Fi|ure 8 - Network desiSnfor COG case studv br TCD
Time (hr)
Fipure 9 - The OTGD representinq the entire ne )otk
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Conclusions
A systematic procedure for designing a batch maximum
mass recovery (MMR) network has been developed. Two
new graphical tools called the time-grid diagram (TGD)
and the overall time-grid diagram (OTCD) that incorporar
rhe rime and composition axes have bgen inroduced lo
provide a better rcpresentation of the problem during $e
MEN design for the batch system. These two design tools
provide physical insight to the designer in canying our
design for a batch mass exchange network (MEN).
The desired mass ransler in a batch MEN cannor be
achieved by nass exchange alone. They are limited by the
instanlaneous mirss flowrale of each stl€am and by the
periods when both sFeams actually exisi. To achieve rhe
minimum utility targets established, network design are
conducted independendy for each time inrerval. The
design method developed in this paper does not limiled to
balch MEN alone. It can also be extended in the problem
of batch beat exchange network syrthesis (HENS)
problem.
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